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Introduction
D u rin g  la s t years , fem to seco n d  la se r w riting  have  rep resen ted  an  im portan t too l to  m ake  
p h o to n ic  struc tu res  b ecau se  o f  th e  sim plicity , fas t p ro ced u re  and  low  co st to  m ake  in teg ra ted  
d ev ices b y  u sin g  one step  p ro cess  [1 4 ].
T h e  a im  o f  these  p rocedu res  deals o n  th e  in te rac tio n  o f  fem to seco n d  pu lses w ith  tran s
p a re n t m a te ria ls  g iv ing  rise  to  ion iza tion  p ro cesses . F ocu sin g  h ig h  in tensity  (1 0 13 W /c m 2) 
la se r on  th e  su rface  o f  tran sp a ren t m a teria ls , fo r  fluences above th e  ab la tion  th resho ld , 
io n iza tio n  p ro cess  d u e  to  the  m u ltip h o to n  ab so rp tio n  tak es p lace  in  the m ed ium . F o r th is 
en erg y  reg im e, the m ateria l b eg in s to  b e  rem o v ed  fro m  th e  su rface  o f  the  sam ple . O n  th e  
o th e r hand , fo cusing  h ig h  in tensity  lasers in s ide  tra n sp a re n t sam p les , and  d epend ing  o f  th e  
en erg y  ra n g e  used  in  th e  experim en ts, th e  ob serv ed  p h en o m en o n  can  b e  iden tified  as fo llow : 
1 ) fo r  la se r in ten sities  be low  d am ag e  th resh o ld , it  is p o ss ib le  to  o b ta in  a  w eak  re frac tive  
in d ex  in c rem en t (ab o u t 10 3 ) at the  fo cusing  reg ion . T h is  fac t c an  b e  a ssoc ia ted  w ith  the  
fo rm ation  o f  co lo u r cen tres  and  h ig h  d ensity  reg io n s  a t th e  in te rac tio n  zone; 2 ) fo r in ten s i
ties above d am ag e  th resho ld , filam ents d u e  to K e rr e ffec t can  b e  observed  w hose  len g th  is
Paper originally presented at IMF-11, Foz do Iguaccu, Brazil, September 5-9 , 2005; received in 
final form
* Corresponding author. E mail: gtorchia@usal.es
29O
Spatial Modulation of Linear and Quadratic 
Susceptibilities in Lithium Niobate Crystals by Using 
Femtosecond Laser Pulses
G. A. TORCHIA,1'2’*  C. MÉNDEZ, 1
J. R. VÁZQUEZ DE ALDANA, 1 D. DELGADO, 1 I. ARIAS, 1 
AND L. ROSO1
1 O p tics  G roup A p p lied  P hysics  D ep artm en t, U n iv e rs id ad  de  Salam anca,
P laza  de la  M erced  s/n  37008  S a lam anca , S pain
2C en tro  de Investigac iones O p ticas  (C IC C o n ice t), C .C . 124,
1900 L a  P la ta , A rgen tina
In this work we present the spatial control o f the linear susceptibility (xi) in Lithium 
Niobate crystals by means o f infrared (800 nm) femtosecond interaction. Diffraction 
gratings have been performed on the surface (relief) and inside (phase) o f these samples 
by femtosecond laser writing. Also we have performed a spatial control o f the quadratic 
susceptibility (xf) by direct writing of a pattern of ferroelectric domains on the surface 
of z cut substrates by using the second harmonic femtosecond pulses (400 nm). Finally, 
efficient photonic devices for second harmonic generation via quasi phase matching 
could be obtained following the experimental procedure presented in this work.
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large com pared  w ith  the R ale igh  zone  fro m  the  fo cu sed  beam . In  th is case, p rev ious to  the  
in itia l p a rt o f  th e  filam ent, an im portan t g u id ing  reg io n  is a lso  ob ta ined  [7].
D iffe ren t 3D  pho ton ic  dev ices have b een  recen tly  repo rted  by  fem tosecond  la se r w riting  
in fu sed  s ilica  and  o ther g lass m ateria ls  like fluoride, garnets and  G e silica  sam ples [8 ].
A d dressing  th is type o f  pho ton ic  dev ices fab rica tio n  m ethod  fo r the  use  o f  e lec tro op tic  
c ry s ta ls  like  L ith iu m  N iobate  substra tes it  is p o ss ib le  boostering  its app lica tion  fo r op tica l 
co m m u n ica tio n s such  as sp litters, M ach  Z eh n d e r in terfe rom eters, m odu la to rs, sw itches, 
e rb iu m  d oped  w aveguides am plifiers (E D W A S), e tc .
In  th is w ork  w e show  the  spatia l con tro l o f  th e  linear suscep tib ility  ( x i )  trough  o f  
the  fab rica tion  o f  d iffraction  g ra tings o n  the  su rface  (relief) and  inside  (phase) L ith ium  
N io b a te  c ry s ta ls  b y  m eans o f  the  d irec t fem to sec o n d  laser w riting . A lso  it is p resen ted  the  
spatia l con tro l o f  quadra tic  suscep tib ility  (X2 ) in d u c in g  the  ferroelec tric  dom ains by  using  
fem to seco n d  w riting  at 4 0 0  nm  on   z face  o f  L iN bC >3 substrates.
Experimental Procedure
T he la se r source  to  m ake th e  fem tosecond  la se r w riting  w as a T irSaphire la se r a t 800 nm  
from  S pectra l P hysics w ith  120 fs p u lse  w id th , 1 K H z  repetition  ra te  and  up  to  1 m J energy  
delivered . T he la se r w riting  w as m ade by  u sing  th e  experim en ta l set up show n in  F ig . 1. 
T h e  fem tosecond  in frared  rad ia tion  w as fo cu sed  to  th e  sam ple by  m eans o f  th e  m icro scope  
ob jec tive  10 x  a fte r passing  th rough  a  3 m m  p in h o le  to  g e t a  c leaner beam . T h e  sam p le  
w as m oun ted  on m icro position ing  stages w h ich  are  con tro lling  by  a  PC . T he m in im al 
d isp lacem en t from  these stages is 0.5 [xm. T he  d iffrac tio n  gra tings have an  a rea  o f  4  m m 2 
and  a 10 /xm  p itch . To m ake the ab la tion  g roove, th e  w riting  laser w as focused  on the  su rface  
o f  th e  sam ples w h ile  fo r the  phase  g ra tings fab rica tio n  process, the lase r w as focused  w ith o u t 
p inho les, by  using  20 x  and  40  x  m icro sco p e  ob jec tives at 200  ¡xm below  th e  su rface o f  the  
z cu t L iN bC >3 substrates.
F inally , to g e t a  spatia l con tro l o f  X2 , in d u c in g  th e  ferroelec tric  dom ains inversion  by  
la se r w riting , the in frared  fem tosecond  la se r w as do u b led  by  using  a  B eta  B arium  B o ra te  
(B B O ) non  lin ear crystals cu t to  ach ieve 4 0 0  n m  a t the  o u tpu t to  m ake th is p rocess. T he 
optical poling  [9] w as p e rfo rm ed  by  focusing  th e  b lu e  rad ia tion  on the   z  face  o f  the 
sam p le  b y  m eans the  experim en ta l se t-up  show n  above. T he z-cu t LiNbC>3 crysta l w as 
im p in g ed  w ith  b lu e  rad ia tion  a t energ ies be low  th e  ab la tion  th reshold . In  o rd e r to  reveal 
the  fe rroelec trics dom ains, a fter b lue  la se r in te rac tio n , the sam ple  w as k ep t in  H F  so lu tion  
du ring  1 hour.
F igure 1. Experimental set up to perform the femtosecond laser writing on the z cut Lithium Niobate 
substrates.
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Figure 2. (a) Optical microscope photograph (working in reflection) o f the relief diffraction grating 
fabricated by femtosecond laser writing, (b) He Ne diffraction pattern from this grating.
Results and Discussion
T h e r ab la tion  g ra tings w ere  m ad e  by im p ing ing  fluences o f  1 J /cm 2, slig thy  above th e  ab la
tio n  th resh o ld  (0 .7  J /cm 2). F ig u re  2a  show s a  p h o to g rap h  taken  w ith  m icro scope  (w ork ing  
in  reA ection) o f  the  re lie f  g ra ting  p erfo rm ed  a t th e  su rface  o f  L iN bC >3 c ry s ta ls  by  fem
to seco n d  la se r rad ia tion . A s it can  b e  seen , on the  d a rk  reg ion  have  been  ca rr ied  o u t the 
ab la tio n  p rocess  and  the  m ateria l w as rem oved  o ver th ese  reg ions. O n the  o th e r h an d , the  
w h ite  reg ions co rrespond  to no n irrad ia ted  zones. T h e  dep th  and  w id th  o f  th e  ab la tio n  ch an
n e ls  a re  5 fj,m  and  6  fim  respectively , w h ile  th e  p itch  o f  the  g ra tin g  w as se t to  b e  10 /zm . 
D u e  to  fab rica tion  p rocess, these  gra tings have  a  h ig h  re frac tiv e  index  co n tras t w h ich  is 
ab o u t 50%  (A n   1.2). In  o rd e r to  ch arac te rize  th e  d iffrac tio n  beh av io u r o f  these  p h o ton ic  
struc tu res , a  H e N e laser at 632 .8  nm  w as u sed  a t n o rm al in c idence  fo r te s ting  th e  device . 
A  d iffrac tio n  pa tte rn  w ith  h ig h  o rders w ere  observed , as it is illu s tra ted  in  F ig . 2b. T he 
in ten sity  o f  th ese  d iffrac tion  o rders  show  a  very  sm o o th  d ecrease  fo r co nsecu tive  o rders. 
T h is  fac t can  b e  re la ted  to  th e  h igh  refrac tive  index  co n tras t fo r  th e  fab rica ted  ab la tion  
g ra tings.
F ig u re  3a p resen ts  th e  op tica l co n trast m ic ro sco p e  im ag e  co rresp o n d in g  to  p h ase  g ra ting  
reco rd ed  in s id e  th e  L ith iu m  N io b a te  crysta l. A s it can  b e  seen  the  irrad ia ted  reg io n s show s 
a th in n e r w id th  (2 3  /zm ) than  tha t observed  fo r  ab la tio n  g ra tings ( 6  /im ) .
F ro m  th ese  g ra tings a  low er d iffrac tion  eftic iency  has b een  ob serv ed  w h ich  can  be 
asso c ia ted  to  th e  w eak er index  inc rem en t fo r  th e  ex p erim en ta l co nd itions p e rfo rm ed . In
F igure  3. Optical microscope photograph (taken in trasnmision) p f the phase grating written inside 
of Lithium Niobate crystals by femtosecond laser pulses.
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Figure 4. Ferroelectric domains induced by 400 nm  femtosecond writing after revealing in HF 
solution.
o u r experim en ts, the  induced  index  in c rem en t can  b e  estim ated  to  b e  A n   10 3  w h ich  
orig inates a  refractive index  spatia l m o d u la tio n  up to  0 .2% . In spite o f  the  low  refrac tive  index 
increm en t, an im portan t d iffrac tion  p a tte rn  from  th e  1 D  pho ton ic  struc tu res is ob tained , 
as it is show n in  F ig . 3b. It can  b e  seen  th a t h igh  in tensity  orders reach  up to  ± 1 ,  and 
an  appreciab le  decrease  o f  in ten sity  fo r the  fo llow ing  orders is a lso  observed . M oreover, 
fo r a  sim ila r refractive index in c rem en t in d u ced  in  the  L ith ium  N io b a te  crystal, efficient 
w aveguides can been  ob ta ined  by  u sin g  severa l fab rica tion  techn iques [ 1 0 ].
In  o rd e r to con tro l the  spatia l d is trib u tio n s o f  the  ferroelec tric  dom ains in  a z cu t lith ium  
n ioba te  substrate , the  fem tosecond  la se r w ritin g  p rocess  by  using  a  w avelength  o f  40 0  nm  
fo r energ ies below  to  the  ab la tion  th re sh o ld  w as conducted . T he b lu e  irrad ia ted  reg ions, 
a fte r keep ing  the  sam ple on  H F  so lu tion  du rin g  1 hour, show  a  c lea r in tensified  dom ain  
patters on  th e  surface o f  lith ium  n ioba te , as it is illu s tra ted  in  Fig. 5. T he su rround ing  reg ions 
to  w ritten  tracks, a lso  p resen t so m e rev ea led  fe rroe lec tric  dom ains w h ich  are  due  to  the  non 
m o nodom ain  in itia l sam ple.
F igure 5. Dependence of the fundamental wavelength as a function of the length (A) o f periodic 
domain structure to achieve Second Harmonic Generation (QPM) via Quasi Phase Matching for 
TE->TE conversion in x-cut LNB crystals.
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A s it can  be  clearly  observed  fro m  the  figure, th e  reg ion  w here  th e  fe rroe lec tric  dom ains 
(d en o ted  by  ho llow  oblong) have  b een  rev ea led  co rresp o n d  to  th e  w ritten  tracks. F rom  
th ese  p re lim inary  resu lts  w e can  show  th a t it is po ss ib le  to  ob ta in  a  spa tia l con tro l o f  the  
fe rro e lec trics  dom ains on the  L iN b 0 3  su rface  by  w riting  the d esired  perio d  s tructu re  w ith  
b lu e  fem tosecond  laser pulses.
F u rth e r w orks w ill b e  add ressed  to  desc rib e  the  m ech an ism s invo lved  in  the  p h e
n o m en o lo g y  o f  ferroelec tric  d om ain  o rien ta tio n  on  the  su rface o f  lith ium  n ioba te  cry s ta ls  
in d u ced  by  using  b lue  fem tosecond  rad ia tion .
B y com b in in g  the  spatia l co n tro l o f  q u ad ra tic  su scep tib ility  ( / 2 ) and  w riting  a  w ave  
gu id in g  reg ion  a t the  sam e reg ion  o f  th e  m ateria l, it  is p o ss ib le  to  m ake  p o w erfu l in teg ra ted  
dev ices in  w aveguide configu ra tion . In  o rd e r to  d o  th is, a  p eriod ic  fe rro e lec tric  s truc tu re  
on  the  su rface  o r  in s ide  o f  x -cu t o r  y -cu t lith ium  n iobate  w aveguides c an  be  perfo rm ed . 
F o r  in stance , to  g e t second  ha rm o n ic  gen era tio n  v ia  q u asi p hase  m a tch in g  a t 800 n m  as 
fund am en ta l w aveleng th  it is n ecessary  a fe rroe lec tric  period ic  s truc tu re  ran g ed  b e tw een  5  
1 0  ¡xm , d ep end ing  on the  po la riza tio n  sta te  fo r b o th  traveling  w aves inside  the  w aveguides.
F ig u re  5 show s the  d ependence  o f  th e  fu n d am en ta l w aveleng th  as a  fun c tio n  o f  th e  o f  
la ttice  p itch  fo r quasi phase  m a tch ing  process. F o r effic ien t conversion , th e  seco n d  h arm on ic  
gen era tio n  in  lith ium  n ioba te  c ry s ta ls  u ses th e  h ig h es t seco n d  harm o n ic  coeffic ien t d 33, in 
th is  case  x -cu t o r y -cu t sam ples sh ou ld  be  u sed  [11]. A  p a rticu la r case , th e  fundam en ta l 
an d  th e  seco n d  h arm on ic  w aves sh o u ld  b e  T E  (ne, ex trao rd inary  index) p o la r ized  as it is 
ske tched  in  the  in se t o f  F ig . 5.
Conclusions
In  th is w o rk  w e p resen t th e  spatia l con tro l o f  th e  linear su scep tib ility  ( x i )  on  th e  su rface 
o f  L ith iu m  N io b a te  substra tes by  m eans o f  fem tosecond  la se r w riting . In  o rd e r to  do  that, 
e ffic ien t d iffrac tion  gra tings e ith e r on  the  su rface  (relie f) o r in s ide  (phase) o f  L N B  cry s ta ls  
have  been  conducted .
P re lim in a ry  resu lts  o f  optical poling  on  th e  su rface  o f  L ith iu m  N io b a te  c ry s ta ls  by  
w riting  a t 40 0  m n  a lso  has been  ob ta ined . A  spatia l con tro l o f  1 /zm  o f  p e rio d  o f  the  
qu ad ra tic  su scep tib ility  (X2 ) co u ld  b e  reached .
F ro m  the  above experim en ta l p ro ced u re  w e can  fab rica te  in teg ra ted  w avegu ides fo r 
seco n d  h arm o n ic  app lica tions v ia  the  quasi p h ase  m atch ing  in L ith iu m  N io b a te  substra tes 
b y  m eans o f  fem tosecond  la se r w riting .
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